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ULF Waves in the Low-Latitude Boundary Layer and Their Relationship
to Magnetospheric Pulsations: A Multisatellite Observation

KAZUE TAKAHAsm, DAVID G. SmECK, AmD PATRICK T. NEwmu.

The Johns Hopkins University Applied Physics Laboratory, Laurel, Maryland

H".LAN E. SPCE

Space Sciences Laboratory, The Aerospace Corporaion, El Segundo, California

On April30 (day 120), 1985, the magnetosphere was compressed at 0923 UT and the subsolar magnetopause
remained near 7 RE geocentric for -2 bows, during which the four spacecraft Spacecraft Charguig At High
Altitude (SCATHA), GOES 5, GOES 6, and Active Magnetospheric Particle Tracer Explorers (AMPTE) CCE
were all in the magnetsphere on the morning side. SCATHA was in the low-latitude boundary layer (LLL) in
the second half of this period. The interplanetary magnetic field was inferred to be northward from the
characteristics of precipitating particle flue as observed by the low-altitude satellite Defense •Meteorological
Satellite Program (DMSP) F7 and also from absence of substorms. We used magnetic field and particle data
fiom this unique interval to study ULF waves in the LLBL and th relationship to magnetic pulsations in the
magnetosphere. The LLBL was idenified from the properties of particles, including bidirectional field-aligned
electron beans at -200 eV. In the boundary layer the magnetic field exhibited both a 5-10 mm irregular
compressional oscillation and a broadband (Aff - 1) primarily transverse oscillations with a mean period of
-50 s and a left-hand sense of polarization abou the mean field. The former can be observed by other satellites
and is likely due to pressure variations in the solar wind, while the latter is likely due to a Kelvin-Helmholtz
(K.-H.) instability occurring in the LLBL or on the magnetopause. Also, a strongly transverse -3-s oscillation
was observed in the LLBL. The magnetospheric pulsations, which exhibited position dependent frequencies,
may be explained in terms of field line resonance with a broadband source wave, that is, either the pressure-
induced compressional wave or the K.-H. wave generated in or near the boundary layer.

1. INTRODUCTION the magnetosphere [Chen and Hasegawa, 1974; Southwood,
The low-latitude boundary layer (LLBL) is a region of great 1974]. Although smaller than energy transport associated with

importance with regard to energy, mass, and momentum transfer substorms by 2 orders of magnitude, appreciable energy (as much
from the solar wind into the magnetosphere. Plasma waves in as 2 x I0M ergs/hr) can be transferred into the magnetosphere via
various frequency regimes no doubt play an important role in the the Alfvtn waves [Greenwald and Walker, 19801. Although the
transfer processes. In this paper we study the nature of ULF waves idea of the coupling has been generally accepted, no detailed
(frequency less than the local proton cyclotron frequency, fsr+) observations have been made simultaneously in the source region
observed in this region and the relationship between the waves in (magnetopause or LLBL) and in the resonance region (mag-
LLBL and magnetic pulsations in the magnetosphere. Although we netosphere). Chen and Hasegawa [1974] and Southwood [1974]
will describe waves with periods shorter than 10 s, our primary postulated a monochromatic source wave at the magnetopause, but
interest is in those in the Pc 3-5 band (period = 10-600 s). spacecraft observations very often indicated that multihannonic

The presence of ULF waves in the vicinity of the magnetopause toroidal resonances occur in the dayside magnetosphere
is well established. The magnetopause normal is constantly dis- [Takahashi and McPherron, 1982; Engebretson et al., 1986; An-
torted [Fairfield, 1976], and the distortions are consistent with derson et al., 1990a], and multisatellite observations furtier estab-
tailward propagating disturbances [Aubry et al., 1971; Ledley, lished that toroidal resonances occur simulateously at position-
1971]. Also, ULF plasma and field oscillations are present in the dependent firequencies (Takahashi and McPherron, 1984a]. These
LLBL, as observed in situ [Sckopke et al., 1981; Couzens et al., observations suggest a broadband energy source for magneto-
1985] and at low-altitude (Potemra et al., 1988]. Often thes ULF spheric pulsations. Therefore another purpose of the present study
oscillations are attributed to the Kelvin-Helmholtz (K.-H.) instabil- is to find out the relationship between Pc 3-5 waves occurring in
ity [Ogilvie and Fitzenreiter, 1989]. However, Sibeck et al. [1990] the vicinity of the magnetopause and those occurring in the magne-
reinterpreted oscillations reported by Sckopke etal. [1981] as evi- tos .
dence for K.-H. wave in terms of multiple magnetopause crossings The time interval studied is 0900-1200 UT on day 120 (April
caused by a quasi-periodic variation in the solar wind dynamic 30) of 1985. On this day the magnetosphere was greatly com-

pressure. Therefore one purpose of the present study is to disin- pressed for -2 hours starting at 0923 UT. This made it possible for

guish waves generated within the LLBL and those due to extral Spacecraft Charging At High Altitude (SCATHA) to observe the
pressure perturbations, magnetopause proper near its apogee (7.8 RE) for an extended

One consequence of waves generated near or transmitted frm period (-1 hour) near 0800 local time. Combined magnetic field
the magnetopanse is their coupling with standing Alfv~n waves In and particle data from SCATHA made it possible to determine the

natre of ULF waves in the LLBL. Three other spacecraft, Active
Magnetospheric Particle Tracer Explorers (AMPTE) CCE, GOES
5, and GOES 6, observed enhanced pulsation activity in the dawn
sector of the magnetosphere.

The organization of the paper is as follows. In section 2 the
spacecraft and their instrumentation are briefly described. In sec-



don 3 we present observations with SCATHA near the magneto- Dst

pause, including the particle and magnetic field signatur of the 50 -SSC. 0923 UT
LLBL and ULF waves in that region. In section 4 we describe
magnetic pulsations in the magnetosphere. In section 5 we discuss -
the generation mechanisms of ULF waves in the LLBL and the
coupling of the waves to the magnetospheric pulsations. -50

2. INSTRUMENTATION -00 - . . .. ... .. . .

We mainly use magnetic field and particle data acquired by four K•'
high-altitude spacecraft, SCAT HA (also known as P78-2), 9

AMPTE CCE, GOES 5, and GOES 6. SCATHA has an apogee of
7.8 RE, a perigee of 5.3 RE, an inclination of 7.8 *, and an orbital
period of 23.6 hours. The satellite is spin stabilized with a spin axis 0
paralleltothespacecraftorbitalplaneandnearlyperpendicularto UTO 6 12 18 0 6 _2 18 0 6 12 16 0

the Sun-Earhline. It had a spin period of 62 s for the time interval Day 11 ,. 1985 Day 120 Day 121

studied. CCE has an apogee of 8.8 RE, a perigee of 1.2 RE, an
inclination of 4.8 , and an orbital period of 15.7 hours. CCE is also Fig. 1. Geomagnetic indices (top) DsI and (bottom) Kp at the time of the

spin stabilized with a spin axis maintained within 30° of the Sun- stm sudden commencement on April 30 (day 120), 1985.

Earth line and a spin period of 5.9 s. The GOES spacecraft are
geostationary at geographic longitudes of 74"W (GOES 5) and RE. accounts for the observed -H at Fredericksburg. Except for the
108lW (GOES 6). spike at 0923 UT, AE remained below 150 nT between 0923 and

All these spacecraft are provided with flux gate magnetometers. 1140 UT, which suggests that energy input from the solar wind to
Each magnetometer has an amplitude resolution equal to or beter the magnetosphere by reconnection was small. At 1140 UT, AE

began to increase and reached a maximum of -2000 nT at 1300 UT.
magnetopause and in the magnetosphere. The time resolution is This clearly indicates a substorm activity. Similarly, H at
0.25 s for SCATHA, 0.124 s for CCE, and 3 s for GOES 5 and Fredericksburg started to decrease at 1140 UT, accompanied by an
GOES 6. Descriptions of the experiments are given by Fennell irregular oscillation, and reached a minimum around 1320 UT.
[1982] for SCATHA, by Potemra et al. [1985] for CCE, and by This H decrease below previous steady values is the result of the
Grubb [1975] for GOES 5 and GOES 6.

Particle data useful for the present study are available from
SCATHA and CCE. These are acquired with the low-energy elec- Day 12 (Ar 30),19
tron and ion experiment, called SC2, on SCATHA [Fennell, 1982] 1 a I ) 1185
and with the medium-energy particle experiment (MEPA) on CCE DMSP F7

[McEntire et al., 1985]. Both instruments use spacecraft spin to Polarcap
measure the pitch angle distributions. SC2 covers an energy range H H H--I

of 6 eV to 18.6 keV for electrons and 5 eV/charge to 15.6
keV/charge for ions. As for MEPA, we use data from the front
microchannel plate (MCPI) of the time-of-flight head and from the
ion head (ECHn, where n designates the channel number). MCP1
data are a crude measure of the relative flux intensity of ions with 0923 UT

energy greater than 4-10 keV, and ECHn give a measure of the flux
of ions at energies greater than 25 keV. In addition, we use precipi- Frer

tation particle fluxes measured by the low-altitude (-835 kin)
polar-orbiting satellite Defense Meteorological Satellite Program " I

(DMSP) F7 [Hardy et al., 1984]. The DMSP data are used to infer 2500 I I

the direction of the interplanetary magnetic field MF). (T) UT

3. OBSEIVATIONS

3.1 Geomagnetic Background
During the time interval studied the magnetosphere was strongly AE index

compressed, apparently because of enhanced solar wind dynamic
pressure. Figure 1 shows the geomagnetic indices Dst and Kp
during this interval, and Figure 2 shows the ordinary magnetogramr.
from Fredericksburg (invariant latitude = 50.11*, magnetic longi-
tude = 356.34", local time - UT - 5 hours) along with the AE
index. The H component at Fredericksburg suddenly increased at 0

8 9 10 11 12 13 14
0923 UT (AMI- 30 nT) and remained at an elevated level until UT, (hours)
-1140 UT. The H increase has been classified as a storm sudden
commencement (SSC), so the magnitude of the field change can be Fig. 2. Ground magnetogram from Fredericksburg and the AE index for

the storm sudden commencement on day 120, 1986. Local time ofexplained by the change of the sime of the ma-opanse, ie., the Fredericksburg is universal time minus -5 hours. The horizontal bars
change in the Champan-Ferraro current [Mead, 1964]. For exam- indicate the time intervals during which the DMSP F7 satellite was in the
pie, a displacement of the subsolar magnetopause from 10 RE to 7 polar cap.

4



DMSP F7 Log flux
April 30 (day 120), 1985 (eV(cm2 .s.sr.eV)-')

10 8

22

C 2 .2.

5 3

UT 1121 1125 1129 1133 1137
MLAT -58.9 -73.4 -87.9 -78.6 -66.8
GLAT -46.6 -60.3 -73.2 -81.1 -73.4
GLONG 152.9 145.6 129.5 70.1 9.4
MLT 2209 2210 2158 1010 1001

Fig. 3. DMSP F7 precipitation particle data suggesting northward IMF.

development of a stom time • ring current, which is consistent with The orbit segments of the spacecraft for 0930-1130 UT are
the large dip in the Dst index which is evident after 1200 UT (Dst shown in Figure 4. The spacecraft were all located on the morning

has a time resolution of I hour). We attibute the enhanced geomag- side at northern dipole latitudes. SCATHA was the closest to the

netic activity after 1140 UT to southward orientation of the IMF, as magnetopause and made multiple magnetopause crossings starting
will be dicussed below, at 1140 UTat a radial distance of 7.5 RE, at a magnetic local time of

During the period from 0930 to 1140 UT the IMF was probably -0830, and at a dipole latitude of 14". Included in the figure is the

oriented northward (unfortunately, there were no in situ solar wind average magnetopause cross section from Fairfield [1971] and its

plasma or IME observation). The evidence comes from the low- compressed version which gives an approximate magnetopause

altitude satellite DMSP F7. During its polar cap passes at location for 0930-1130 UT. Although we do not have solar wind

0943-0952 UT, 1037-1048 UT, and 1123-1133 UT its particle dynamic pressure data to find the exact location of the magneto-

detector found electron precipitation patterns characteristic of a pause, there is evidence from particle and magnetic field measure-

northward ]MP. Figure 3 is a spectrogram showing a sample ments that SCATHA was very close to the magnetopause at least

DMSP F7 polar pass, from 1123 to 1133 UT. Instead of a smooth between 1040 and 1140 UT.

polar rain or empty polar cap (which would be indicative of south-
ward IMP B,), the polar cap is filled with bursty highly structured 3.2. SCATHA Observations Near the Magneropause

precipitation, which is characteristic of northward B. [e.g., Hardy The prolonged interval of the magnetospheric compression on
eal., 1986;Lassen etal., 1988]. Polarcap arcs, well known to be a day 120, provided us with a rare opportunity of observing the

northward B, phenomenon are present at 1129:30 (-89.4° MLAT;
10 ergs/cm 2 s) and at 1132.11 (-81.5 * MLAT, 50 ergs/cm2 s). Other - -
evidence that B2 is probably northward comes from the lack of Interred magnetopause Average magneiopause

at I100 UT from Fa r1l'ed (1971)
clear or strong discrete auroral arcs during the transition through Day 120, 1985 1

the nightside (2210 MLT) portion of the auroral oval. One impor- SCATHA

tant consequence of the northward UMP is that there was no sub-
storm activity until 2 hours after the compression of the magneto- 

L S-ATHA

sphere, as will be shown in section 3.3. After 1140 UT, SCATHA
was in the magnetcsheath and observed predominandy southward

sheath field. 20 15 5

The magnetospheric compression made it possible to observe 6 - OES

the outer magnetosphere and the LLBL with spacecraft that usually-1
stay in the midmiagnetosphere (i.e., at or near geostationary orbit). )10
In addition, it was fortunate that the compression did not cause

Fig. 4. Local time versus L plots of the orbit segments of four spacecraft
magnetospheric substorrs immediately. Substonns would have for the time interval of 0930 to 1130 UT on April 30, 1986. Two magneto-
generated internal plasma and field disturbances which would have pause positions are illustrated to indicate the magnitude of the magneto-
obscured ULF waves of external origin, spheric compression on day 120.
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SCATHA, DAY 120, 1985
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LLBL on the moaning side with SCAT7HA. We first present particle E ScAton iltsbu8on fucton in 120 LSCATHA 1985 day 120

and magnetic field data from SCATHA in order to identify differ- 1123-1120 UT

em regions near the magnetopause and then describe the properties 1o-
of magnetic field oscillations in these regions.

Particle and magnetic field regimes. The uppe" six panels of
Plate 1 show differential flux from selected channels of the SC2 0' o-e
instrument, as a flimction of time and pitch angle. The vertical axis E

gives the pitch angle and has a range of -180" to 180" with the
positive (negative) angles corresponding to the sunward (antisun- 8 1o. "
ward) look directions of the detector. The instrument does not
always measure precisely field-aligned fluxes (0* or 180" pitch ' Pependj~ua %

angles) during a satellite spin. Accordingly, the pixels for field- 10",
aligned directions are filled with data from the most field-aligned
measurements. For the magnetospheric interval (including LLBL)
the minimum angle between the look direction of the particle
detector and the ambient magnetic field was less than 200 (F,-te
Figure 9 for the pitch angle coverage in the LLBL).

Three particle regimes can be identified. These are the mag- 10-_
netosheath (MSH in the region identifier shown at the bottom of -30000 -20000 -10000 0 10000 20000 30000

the figure), the LLBL, and the magnetosphere (MSP). The mag- Vetocty (krns)

netosheath manifests itself by disordered pitch angle distributions Ig 5. Parallel and perpendicular cuts of electron distributions from
owing to the variability of the magnetic field direction. There are SCATHA for a 5-min interval in the L/bL For the parallel velocity the
strong fluxes of 0.087-keVelectrons and 0.154- and 2.06-keV ions. positive (negative) sign means electron motion parallel (antiparallel) to the
They represent the shocked solar wind plasma. At a higher energy magnetic field. For the rerpenidicular velocity the sign has no meaning (the
(15.6 keV), ion flux is considerably lower than in the magneto- distribution is symmetic about 0 velocity).

sphere or in the boundary layer. Apparently, the magnetospheric
ions, at this energy either did not escape into the magnetosheath
with a high flux intensity or did not reach the spacecraft. velocity, 27000 km/s (1.94 keV). At 8000 km/s the ratio fd/f± is

The particle signatures in the low-latitude boundary layer and approximately 3. A peak also occurs in f± at the same velocity,
the magnetosphere differ strikingly. First, the overall intensity of which implies that either the electrons were accelerated both paral-
the flux in a given channel changes. In the 0.087-keV electron lel and perpendicular to the magnetic field or they were pitch angle
channel the flux increases from the magnetosphere to the boundary scattered after being accelerated in one direction.
layer and further to the magnetosheathi. A similar change is seen for Electrons with a similar bidirectional distribution have been
ions at 0.154 and 2.06 keV. At the highest energies (2.5-keV observed previousiy. Ogilvie et il. [1984] found electron beams at
electrons and 15.6-keY ions) the flux is greatest in the magneto- -0.05-0.2 keV in the LLBL using the ISEE spacecraft. They sug-
sphere and decreases upon entry into the magnetosheath. These gested that the distribution has the same origin as the bidirectional
results qualitatively agree with previous observations that the electron distributions observed at low altitudes (Sharp et al., 1980;
energy spectrum in the boundary layer is intermediate between the Collin et al., 1982; Klumpar and Heikkdlla, 1982; Burch et al.,

magntosperewhere high-energy particles dominate and the 'nag- 1983]. Another bidirectional electron distribution was observed by
netosheath where low-energy particles dominate [Eastman et al., Farrugia et al. [1988] in association with magnetic field/particle
1976; Bryant and Riggs, 1989]. Second, the pitch angle distribu- variations that were interpreted as flux transfer events (FrE). In the
tion shows a characteristic change from one region to another. In FrEm~odel the field-aligned beams result from merging and iono-
the magnetosphere, both electrons and ions have maximum flux at spheric mirroring. However, the same events were reinterpreted by
90" pitch angle except for the 0.154-keY ions. In the boundary Sibeck [1990] in terms of boundary motion, and the region of the
hayer, electrons have a bidirectional field-aligned distribution at bidirectional electron streaming was identified to be the LLBL
0.087 and 0.187 keV, while at 2.58 keV the pitch angle distribution Since we believe the IMF to have been northward at the time of the
appears to have a peak at 90". Inspection of other electron channels LLBL observations presented in this paper, the bidirectional distri-
indicates that a field-aligned distribution is present up to 0.8 17 butions may be taken as evidence that LL-BL (as defined in the
keV. present paper) is connected to the ionosphere, rather than to the

The electron distribution forms well-defined counter streaming solar wind.
beats along the ambient field. Figure 5 shows the average phase Bidirectional electron distributions are seen adjacent to the mag-
space density of electrons for the time inrterv.1 of 1123-1128 UT. netopause crossings at 1140 and 1145 UT, indicating that LLBL
The beams are evident as the strong peaks at 8000 km/s (0.187 was present during the radial motion of the magnetopause. For
keY) in the parallel distribution, fi The parallel distribution is these cases the distributions were observed only in one spin (62 s)
greater than the perpendicular distribution, f6, except at the highest of the satellite, implying either that the radial motion of the magne-

Plate 1. (Opposite) Color-coded differential fluxes of particles and dynamic power spectra from SCATHA for 1000-1200 UT
including a prolonged interval in the low-latitude boundary layer (LLJBL). Three regions are identified from the data as mndicated at
the bottom: the magnosphere (MSP), the I121L and the magnretiseath (MSH). Polar cap passes by the DMSP F7 satellite wre
also indicated (DMSP PC). The pitch angle distribution in the magnetorsheli should not be trusted because the software for the
thne-pitch angle display assumes a monotonically changing pitch angle during a satellite spin. which is not always the case in the
m a-ntisel
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topause was fast (these LLBL intervals are not shown in the region LLBL as the satellite moved earthward. We also note that when
identifier of Plate 1) or that the width of the region in which there is a large-amplitude oscillation in the boundary layer, the
bidirectional distribution occurred had decreased. We are not able mean value of BD is slightly larger. For example, the time average
to identify the boundary layer signature for the magnetopause of BD for 1050-1100 UT (magnetosphere) is -2 nT as compared to
crossing at 1152 UT. -14 nT for 1100-1115 UT (LLBL). This implies that a field-

The transition from the magnetosphere to the LLBL is not neces- aligned current flows at or r-ar the magnetosphere/LLBL inter-
sarily abrupL, and the timing of spacecraft entry into the LLBL face. The -12 nT difference is equivalent to a planer current with
depends on particle species. For example, the 0.187-keV electrons an intensity of 1.0 x 10-2 A/m. Furth-rmore, the larger BD in the
change frcm a low-flux and pancake distribution to a high-flux and boundary layer implies a northward ctuent, i.e., from the equator
field-alijied distribution at 1035 UT. However, in the 15.6-keV toward the ionosphere. Tbus the current tlows in the same direction
ion data the flux intensity remained magnetospherelike until 1054 as the region 1 current of Jijima and Potemra [1976]. A connection
UT. This is not unexpected, because the ions have a larger gy- between Region I currents and the LLBL has previously been
roradius (-100 km at 15.6 keV) than the electrons (0.2 km at 0.087 suggested by Eastman et al. [1976], and Hones [1983] used ISEE 1
keV) and the transition from the magnetosphere to the LLBL could and 2 magnetic field observations in systematic search for the
occur over a distance comparable to the ion gyroradius. In Plate 1 current signature. Hones found that the field in the boundary layer
we have defined the boundary layer in terms of 0.087- and was very often tilted in the direction opposite to that expected from
0.187-keV electrons. "enhanced draping," a configuration in which the LLBL field lines

Magnetic field data for the 1000-1200 UT interval are shown in are pulled most tailward at the equator rather than at a higher
Figure 6. The plots were made from 5-s averaged field components latitude (see Figure 2 of Hones' paper). Our case corresponds to
By, BD, BEl, and the magnitude BT, where iH (northward) is parallel enhanced draping, suggesting that boundary layer magnetic field
to the Earth's spin axis, iD is geographically eastward, and was dragged tailward by a force operating at the equator. The
iv = eD x 8R.. The radial component, &', would differ from the difference between the present study and Hones [1983] may be due
unperturbed local magnetopause normal by -20". In the magneto- to the lower latitude of SCATHA. Another possibility for the 12 nT
sphere, BEf is nearly equal to BT. difference in BD is that the solar wind condition changed at -1100

We describe the magnetic fields with reference to the region UT, bringing the LLBL to the location of SCATHA and also
identifier from the particle data, shown between the tra, ts for BEi changing the orientation of the magnetic field in the LLBL. Unfor-
and BT. The magnetoshe'th is evident from its southward magnetic tunately, we cannot test this possibility because of a lack of obser-
field orientation which differs considerably from that in the magne- vations of the IMF and solar wind plasma at -1100 UT.
tosphere. In the boundary layer the field magnitude is somewhat There are considerable field oscillations in the boundary layer in
elevated from the magnetospheric level. This can be attnrL'oted to the Pc 3-5 band (periods longer than 10 s). First, Br shows an
the gradual compression of the magnetosphere that occurred from irregular oscillation with peaks separated by 5-10 mrin and peak-to-
-1020 UT. The compression was such that SCATHA stayed in the peak amplitude of -20 nT or less. This oscillation is not limited to

the LLBL but is also observed in the magnetospheric portion of the
data without much reduction in amplitude. Second, a large-ampli-

SCATHA magnetometer tude (-50-nT peak-to-peak) oscillation is evident in the radial (By)
April 30 (day 120), 1985 and azimuthal (BD) components. The compressional component

-oscillates also, but its amplitude is much less than that of the
_'' ' transverse components. In the magnetosphere there is an oscilla-

BB tion inBD with amplitude less than 20 nTpeak to peak. Much of the

-v = -20 oscillation, however, is likely the result of satellite nutation at
1-2 min period (J. F. Fennell, personal communication, 1989).

BO- The lower three panels of Plate I illustrate higher-frequency
• • S= -0 oscillations for 1000-1200 UT using color-coded Fast Fourier

S-transform (FFT) dynamic spectra from the full time resolution
S40 nT (0.25 s) magnetic field data. The spectra were calculated using 200

- data points (50 s) with 50% overlap in successive steps. The color
" code indicates the power spec'ral density relative to a ,eference

power law spectrum, (f/fo)- 2 with fo = 1 Hz. The loLal proton gy-
I rofrequency (1.8-2.0 Hz) is near the upper frequency limit of

C •display except in the magnetosheath. As was the case with the
SLLBL NISHj particle data, the magnetosheath is the easiest to identif : it ex-

S .hibits a strong broadband spectrum in all components. ThM magne-
130' -tosphere is characterized by a quiet background and a discrete

OMSP-F7 PC oscillation in BD near 0.8 Hz (-0.4fcw). Elliptically polarized ion-
F--I F--A z cyclotron waves near 0.4 fcH-+ hay; often been observed by CCE in

... ". . . . .. the dayside magnetosphere near apogee o" (8.8 RE) of the space-
UT 1000 1020 1040 1100 1120 140 1200

craft [Anderson et al., 1990b] and our O.S-Hz wave appears to be of
P(P8 ) 73 69 1 7 1 7 the same type The transition from the magnetosphere to the LLBL,
MLATIdog) 136 13 7 ¶3 7

IALT 0708 0751 0836 as determined to be at 1035 UT from the electron observations, is

Fig. 6. Magnetic field data showing SCATHA's approach to and cross- not abrupt. Starting at 1035 UT. wave power in all compone.ts

ings of the magnetopause. The data are 5-s averages calculated from increases gradually, reaching a maximum at 1046 UT. Th'e power
0.25-s data. Region identification from polar cap passes of the DMSP F7 goes down somewhat (but remains at a level distinctively higher
satellite are also shown. than in the magnetosphere) until 1100 UT, when suddenly it is
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elevated and remains at a high level until 1130 UT. Both in the data from the three regions. To separate corNatssional and trans-
magnetosphere and in the LLBL, the field oscillations are primar- verse oscillations, we used a field-aligned coordinate system, in
ily tramverse to the ambient field. which 1, is along the average field for each 5-mrin interval shown,

The variation of oscillation amplitude within the LLBL suggests 4 is azimuthal, and 9. is radial. Figure 8 shows power spectra

that either the wave amplitude spatially varied within the boundary calculated from the same data. The straight line drawn in each
layer or there was a temporal variation in the solar wind condition frame of this figure represents anf-2 power spectrum which gives a
that briefly suppressed wave amplitude at -1050-1100 UT. Con- base line for comparing spectra from different components and

ceming the former possibility, we note that Song et al. (1990] regions.
suggested in a case study that the LLBL near the subsolar point The magnetosphere is characterized by the absence of high-

consists of a inner layer and an outer layer and that the field frequency oscillations in the time plots. Low-ftequency (period -I

variation in the 0.4-2 Hz band is stronger in the outer layer. Our min) variations are present in B, and By, but they are likely caused

result is qualitatively consistent with the Song er al. observation; by the nutation of the satellite as noted above. We cannot identify

hence the two-layer structure of LLBL might be common. To naturally excited magnetic pulsations for this interval. However,
confirm that such a structure is spatial rather than temporal, of the field magnitude (nearly equivalent to B.) is not affected by the

course, requires a simultaneous plasma observation in the solar nutation. Spectral peaks occur at 0.1 Hz in B, and B, and at 0.8 Hz

wind. This cannot be done in the present study. in By. The origin of the 0.1-Hz peak is not known at present.

ULF waves near the magnetopause. We now examine in However, it is not a persistent feature in the magnetosphere. The

more detail magnetic field oscillations in or near the LLBL Figure 0.8-Hz peak is likely due to an ion-cyclotron wave as suggested

7 shows examples of high-time-resolution (0.25 s) magnetic field above.
In the boundary layer a quasi-periodic oscillation (average

SCAThA magnetometer period -50 s) is evident in the transverse components. It has an
April 30 (day 120). 1985 amplitude of 50 nT peak to peak, which far exceeds the oscillation

__III___I_.___ I________ caused by the satellite nutation. The oscillation is evident as a low-

_ Magnetosphere frequency peak in the spectra at 20 mHz for B, and By (Figure 8,
B, middle panels). The two transverse components have comparable

amplitudes but do not oscillate in phase: By leads D,. This implies a
t' B, left-hand polarization about the mean field. Although we will use

the term 50-s wave hereinafter, it should be noted that the specral
- I2OnT width of the wave is quite large. For instance, from the 1100-1120

UT spectrum which will be shown in Figure 19, we estimate the
*1 fall width at half maximum, Af, to be roughly 20 mHz or Affto be

1020 1021 1022 1023 1024 1025 UT newaunity. Nevertheless, we have found that By leads B, even when
their waveforms are irregular. Thus the polarization sense is

....... a..y layer .. predominantly left-handed in the boundary layer.
ByBecause the 50-s oscillation is transverse, it should be accompa-

, ' ouanied by a bending of the magnetic field. The 50-nT peak-to-peak
amplitude in the 150-nT background is equivalent to an angular
perturbation of 20 peak-to-peak. To find the field line configura-

I20nT tion related to the field oscillation, we compare in Figure 9 the
• / magnetic field with electron fluxes at 0.087 and 2.58 keV. These

energies were chosen as good indicators of the magnetosphere
(2.58 keV) and the magnetosheath (0.087 keV). As can be seen in
Plate 1, 0.087-keV electrons show a distinctively high flux
(-4 X 10' (cm 2 s sr keV)"') in the magnetosheath, while 2.58-keV

i i .. •electrons show a distinctively high flux (-2 x 106
1100 1101 1102 1103 1104 1105 UT (cn2 ssr keV)-1) in the magnetosphere. During the interval of

50-s oscillation, large fluxes of 2.58-keVelectrons were observed,
_B. .. M o .....a...notably at 1101:40 1102:50, 1103:20, and 1104:40 UT, all in as-

sociation with a minimum of 68,. These enhancements are not a
result of the average pitch angle distribution that is peaked at 90",
Because the high flux level is characteristic of the magnetosphere
we conclude that the field line displacement that caused the
minima of 6B, brought the magnetspheric plasma to the close
vicinity of the satellite. On the other hand, there was no indication
in the 0.087-key electron flux that the spacecraft entered the mag-

.. . netosheath. The flux variation in this channel was dominated by a
1340 1341 1342 1343 1344 1345 UT bidirectional field-aligned distribution characteristic of the bound-

Fig. 7. Hlgh-dme-reaotution (025 s) naliwo field dt from differet ary layer, and the flux never reached the high level (indicated by a
Wgnoma the mgdopal.uae. i ,e 6:u is roated into kical field-aliged horizontal dashed line) characteric of the solar wind.
oordinta, in whbch 0, (pallel componem ) is along the direction of the From these observations we infer the meridional structure of the
ave a nialpoc field for the time interval displayed, g, (anuithal com- 50-s oscillation as illustrated in Figure 10. The relative location of
ponait) i in the direction of 1. z r, where r is the position vector of the
speceaftiw• -trespect totheow of the Eartb.mad Ox (radial -o ) the boundary layer with respect to SCATA is illustrated for two
W J, x a,. epochs of 6B. We assume that the field line displacement is sym-
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SCATHA magnetometer
April 30 (day 120), 1985

Magnetosphere 1020-)025 UT

B i I I\
%BY B,
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Boundary layer 1100-1105 UT"I -
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Fig. 8. Power spectra calculated from the magnetic field data shown in Figure 7. The diagonal lines represent a reference power
level wft a slope nf -2 The local proton gyrofrequency is near the Nyquist frequency (2 Hz) of the magnetic field data.

metric about the magnetic equator, with a characteristic amplitude homogeneity and curvature and assuming IkL << 1, the observed
scale length of to. This is similar to the structure of odd-mode field perturbation is related to kq as
standing waves on geomagnetic field lines [Sugiura and Wilson,
1964]. A wave propagating along the field line can be excluded, =B.(Bk z)-'
because for such a wave the magnetospheric plasma would be
encountered at the descending or ascending node of the 5B, oscilla-
tion. A standing wave with an antisyminetric structure can also be With the observed values ofB = 150 nTand 6B, = 25 nT (half of the
excluded, because for such a wave the the magnetospheric plasma peak-to-peak amplitude) at z - 1.8 RE, and with an assumed value
would be encountered at the maxima of 6B, at the SCATHA loca- of t =10 RE, we get tf = 0.5 Rz peak to peak. If we assume that
tio6, provided to, is not too small. the thickness of the boundary layer did not change, then this

Using Figure 10, we relate 6B, to the amplitude of radial flux displacement and the fact that SCATHA did not enter the mag-
tube motion. We simply assume that the radial field line displace- netosheath imply that the thickness of the boundary was greater
mrt is given by than 0.5 RE (-3000 kin). Note that this estimate could be in gross

error if the value of k o was wrong or if the thickness of the

= = os(4,z) boundary layer changed during the oscillation as has been sug-
gested by Sckopke et al. [1981].

In addition to the 50-s oscillation there is another type of oscila-
where I., is the equator displacement, kA = 21/to, and z is don with a period of a few seconds or shorter. An example of a
distance from the equator. Then, further neglecting the field in- 1-mun interval including such a wave is shown in Figure 11. The
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SCATHA magnetomieter
April 30. (day 120), 1985

By,

8 1 1LLB1L 1 1 1 1 1 1 1 1

-' MSP
6
* 0.087 keV
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Fig. 9. Relation between umageti field and electron fluxes during an interval of a 50-s oscilltion in die LLBL. Vertical dashed
lines indficate minima of Ba,.

oscillation is again primarily transvers with an amplitude of wave modes the: 3-s oscillation as the boundary layer might be besn
10-20 nT peak to peak. Although the oscillation is not really described as an Alfvhnic fluctuation, although we are unable to
monochromatic, it still has a weak spectral peak at --0.3 Hz in the confirm the Alfvdnic natur because of a lack of the measurements
power spectrum for B, (Figure 8). To simplif notation. we call it a of electric field. However, Rezeau et al. [19899 combined magnetic
3-s oscillation. As is alrady clear hrom Figure 9, the amplitude of and electric field measurements to support the Alffvrnic nature of
the 3-s oscillation is modulated by the 50-s oscillation. To empha- simila ULF waves observed by fth GEOS 2 satellit near the
size this point we illustrate in Figure 12 low- and high-pass-filtered muagnetopause.
versions of the radial magnetic field component. T1he amplitude of Returning to Figures 7 and 8, we examine oscillations in the
the 3-s oscillation is largest at the maxima of the 50-s oscillation. In nantset.The nature of field variations in the magnetosheath

trsof the field line motion model (Figure 10) this "phase lock- is highly variable, and we certainly do not claim that the particular
ing" implies that the 3-s oscillation is colocated with the LLBL segment shown is a typical example. Rather, it was chosen because
plasma and does not extend to the magne-tosphere. the field was oriented northward and the spacecraft entered the

The 3-s oscillationt does not have a preferred direction of mag- magnetosphere within 5 min of the end of the illustrated time
netic field pertrurbation. To show this, we have plotted in Figure 13 interval, at 7.1 R,, at 1030 MET, and at 13* dipole latitude. From
the hodoprami of the transverse magnetic field oomponents after this example we hope to find similarities, or dissimilanrites between
passing them through a high-pass filter with cutoff at 0.1 Hz. oscillations jugt inside and coutsid the magnetopause under similar
Clearly, the perturbation, has a random orientation. In terms of (no~rthward) IM orientations.
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The magnetosheath spectra (Figur 8, lower panels) are chiarac-
N-- SCATHA tertized by af-2  lcdgrou-d and by transverse oscillations between

140 Manetic 0.1 and 1 Hz, producing a peak near 0.6 Hz ('-O.24fw~). The
equatorPolarization is left-handed. Sfimilar waves with left-hand polariza-

S tion have been observed in the magneosheaths of the Earth below
fcwt~ [Schopke et al., 1990; B. J. Anderson, personal comnmunica-
tion, 1990] and of Mercury above fdi- [Fairfield and Behannon,

N N e 1976]. Thle latter authors identified the waves to be Doppler-shifted
[~x ion-cyclotron waves, and the same inuterpretation may apply to the

8B SB. > B < 0 SCATHA data, although we have observed frequencies substan-1~ ~ -SCATHA tially lower thant the local proton gyrofrequency. Atf< 0.1 Hz the
transvers power is much weaker thanti in the boundary layer. This

IIEqator implies that the 50-s wave was generated within the boundary

S S3.3 Multisaellite Observations mn the Magnetosphere

MagntospereIn this section we study ULF waves in the magnetosphere, after

Low latitude boundary layer sion of the magnetosphere.

Magnetsheathcomparison of 3-s averaged magnetic field observations from the
Fig. 10. Mlp) A schematic for die satellite location with respect to the four spacecraft. The magnetic fields for GOES 5, GOES 6, and
1agne11 equator and the LLBL and (bottm) an enlarged view of the CCE are presented in the dipole VDH coordminaes, wherle 4,
boundary layer at two epochs of 6B..(otwr)i niarle oteErhsdpoeai,? smgei

SCATHA magnetormere compressed at all spacecraft with ABr ranging from 10 nT at GOES
_____________________6 to 30 nT at CCE. At GOES 6 and CCE, located at earlier local

times, the field change was followed by -30 mint of azimuthal field
x J deflection. At each spacecraft, magnetic pulsations are seen after

...... the compresson. Th1en, starting at -1135 UT, BT increased, prob-
ably as a result of an increase in solar wind dynamic pressure and at
1140 UT SCATHAwas out in the mantdah(see also Figure 6
for the SC-AFHA data). By the time SCATHA entered the mag-
netoshealith the sheath magnetic field had turned strongly south-
ward. Thie time of the southward turning cannot be determined

2OnT precisely, but it is likely that the solar wind dynamic pressure
BOn incarease starting at 1135 UT accompanied a change in TIMF orient-

tion. After 1140 UT, southward magnetic field was observed by
I I I ISC-ATHA until -1320 UT whenever the spacecraft was in the

100 Universal tim 1101 magnetosheath. The field direction is consistent with low-altiude

FIg. 11. HNghi-time-rolution (0.250 f)mgeicf~ettidaauftrom tnSCTH observations. The two DMSP P7 polar cap passes at 1200 and 1305
showing a 3-s oscilatkmion m, and By, superposed on a loniger period (50 s) UT (data not shown) strongly suggest a southward RAF configura-
oscillation tion. There are two strong indicators. The firs is a polar cap which

SCATHA rnagnetorneter
April 30. (day 120), 1985

40

0. --40 H

0

1100 1101 1102 1103 1104 1105
UT

FIS. 12. HWgh- and low-pus-fillered dafta showlising an evelope stricture of hagher-frequency oscillatiouis and its relationship to the
pue of a lower-frqequecy oscillatIon
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SCATHA magnietometer is either void of precipiaton or shows a clear polar ramn indicationls
110 0, (da 120), 1UT (In this cane the presence 4f a polar ramn in fth northern but not

300115U southern hemisphere suggests an away sector stlucture). The sec-
ond indicator is that during an inerval of southward IMP the
dayside aurora! oval tends to become smallr [e.g., Neweil and
Meng. 1987] and the nightaide larger. Both thes indicators imply
that the WM was southward duriW these passes.

Figur 15 shows iOn data from MEPA on board CCE for a
6-hour interval encompassing the period of the magnetospheric

S -compression. The trace in the upper frame is the duskdawn rtio of
MCP1 counts at sectors covering 90* pitch angle. T7he trace in the
lower frame ale io fluxes averaged over the 32 MEPA sectors and

-over four statelite spins (-24 s). There are three major ion flux
increases in the interva shown. 0925, 1135, and 1242 LIT. The fist
one is clearly associated with the SSC signature seen on the ground

0.1 - 2.0 Hz (Figure 2) and in the manwpee(Figure 14). T1he second oam
-301 1 1nearly coincides with the entry of SCAIHA into the mag-
-30 netosheath and with the magnetic field changes seen at the magn-

-30 0 30 tospheric satellites. This dispersionless flux increase is probably
Bx (nT) due to a Change in Magnetospheric convection that was causned by

PFg. 13. A magnetic field bodogruin for the h~wgtaer-eqmcy oscllatons southward turning of the B6P that probably accompanied the brief
in the boundary layer. solar wind pmmsur increase seen by GOES 5 at 1140 UT (Figure

14). The third one is probably a substonn effect
The intensity of ion fluxes from 1000 to 1130 UT is rather

Apri30 (day 120), 1965 steady. It does not show any evidence of ion injections caused by
... substomis. The absence of substorms was confirmed from inspec-

tion of Los Alamos energetic particle data from two geostationary
BTsatellites located near 1500 and 0200 NUT (D) N. Baker, personal

comuncaton 1989). This result is consistent with our earlier
GOES infekrenc from low-altitude precipitating particle data that the DAP

10rawas northward for the 1.5-hour interval.

AMPTE CCE MEPA
April 30 (day 120), 1985

+ MCPI
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10 6EH '

1047-2
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M LT 0 1 2 0t 206 4 1 0 2 70 1

090 oso ioo o~ ioo 110 20 Fg.15 Jn atafo h EAiurieto C o h a 2
M nErSS ltm ra nteuprpnli h aio(eerdt saiorp tetx)o
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During this interial, as well as 30- and 60-mmi intervals before AMPTE CCE

and after it, there was a clear oscillation in the ion duWdawn April 30 (day120), 1985, 1030-1130UT

anisotropy with a period-of -200 s. The pulsation event was first 4

reported by Lopez etal. [1986]. Inspection of particle data plotted
in the same format as in Figure 15 for over 2-years of MEPA data c 2
has led us to realize that the day 120 event had an unusually large
amplitude for an event occurring in the region from 0200 to 0300
MLT. This impression is substanciated by a recent statistical study Ch
by Anderson et al. [1990a]. They showed that magnetic Pc 5
toroidal-mode resonances at magnetic latitudes less than 13" and +
near L = 8 have a maximum occurrence rate of -40% at 0600 MLT
and that the rae decreases to -5% at 0200-0300 MLT. -/

Properties of magnetic pulsations. In this subsection we de- .

scribe the properties of the magnetic pulsations. First, we show
evidence that the pulsation at CCE is due to a fundamental toroidal 0
oscillation [Radoski and Carovillano, 1966] of the local field line. 0
This oscillation is characterized by a predominantly azimuthal 180

magnetic field perturbation, and its frequency is approximately
given byf= [,/VAJ]- where the integral is taken along a field line. 90-

Figure 16 shows a 1-hour segment of ion flux anisotropy together 0S

with a component, B,, of the magnetic field. The component is 0 I
parallel to (B) x 6, i being the spacecraft spin axis. The two 0 5 10
quantities oscillate highly coherently. The cross spectral analysis Frequency (mHz)

shown in Figure 17 confirms that they oscillate with a phase lag of Fig. 17. Cross spectral aaysis of the particle flux and magnetic field
90't--000. Because the particle anisotropy oscillation arises from pulsations shown in Fqure 16. The cross phase is shown only for frequency
the oscillatory E x B convection of the plasma [Lopez et al., components with high (> 0.8) ;oherency.
1986; Takahashi et al., 1988], the observed phase relation implies
that the time-averaged Poynting flux along the ambient field is
very small, a property of a standing wave. A similar technique was (SCATHA) the overall power level is much greater than in the
used to demonstrate the standing wave nature of a Pc 4 pulsation at magnetosphere (other satellites). The transverse power is greater
geostationary orbit [Cummings et al., 1978]. than the compressional power in the frequency band 4-40 mHz by

The position dependence of pulsation properties can be seen more than an order of magnitude. In this band, both components
clearly in the time plots of Figure 18 and the corresponding power show a rather flat spectrum, but there is a weak peak at 20 mHz in
spectra shown in Figure 19. These figures highlight the low-fre- the transverse component This arises from the type of oscillation
quency end (f < 40 mHz, or period > 25 s) of field variations that shown in Figure 9. At this peak frequency (vertical dashed line) the
were not readily resolved in Plate I or Figure 8. The spectral transverse component is highly polarized with a left-hand elliptical
properties are illustrated in terms of the compfessional (P,) and polarization (e - -0.5) and the major axis of polarization is nearly
transverse (P,,, + P.,) power densities, the perpendicular polariza- aligned with the azimuth (0 - 700).
tion parameters including the direction, -0. of the major axis of A few Earth radii into the magnetosphere (GOES 5), the differ-
polarization, percent polarization, and ellipticity, e. The angle # is ence between the transverse and compressional components is
measured from the +x axis toward the +y axis, e = 1 (-1) for right- smaller and the power falls off with frequency faster than in the
handed (left-handed) circular polarization about the mean field, boundary layer. The strongest peak is found in the transverse
and e = 0 for linear polarization, component at 5 mHz, where the field oscillation is linearly polar-

Keeping in mind the spacecraft trajectories shown in Figure 4, ized (e - -0.1) with the major axis oriented in the azimuthal
we make the following observations. In the boundary layer direction (0 - 90).

Further into the magnetosphere (GOES 6 and CCE), the power
spectra are dominated by a transverse oscillation at 7 mHz (GOES

AMPTE CCE 6) or 5 mHz (CCE). Except for the frequency and the relatively
April 30 (day 120). 1985 large compressional power associated with the transverse oscilla-

10 ton at CCE the two spacecraft see similar features: linear polariza-

tion and a nearly azimuthally oriented major axis of polarization ('
80 ) at the spectral peal. We conclude that the 5-mHz oscillation

.10 at CCE is due to a toroidal-mode standing Alfvin wave. Fhe same
0 •. .. . .5. . . . . . , . . . . . . . . . . sh o uld ap ply to the 7 -m H z o scillati un at G O FE S 6 . It is n o t suipr is-

ing that the compressional component at CCE oscillates at the

0 sam frequency as the transverse component. When a standing
Alfvdn wave is established as a result of wave coupling in an

".0.5 L ........ '"I inhomogeneous plasma, both the transverse and compressional
UT 1030 1100 1130 components can =hibit a singular behavior (i.e., lare-amplitde
R 8.2 7.9 7.6
MLAT 2.4 1.7 1.1 oscillation) as has been shown, for example, by Kivelson and
MLT 0210 0222 0234 Southwoood [1986].The value of 'thatis slightlysmallerthan90°

P4. 16. Compin of te fbontom) ion fux anisoMpy oscillation, frm implies that the coupling is with a tailward propagating source
Fgre 15 and Mthe (top) a-,,,udial magnetic field for the sme time interval. wave [Chen and Hasegawa, 1974].
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Multisatellite magnetic field data sponse to the pressure pulses is analogous to that for SC (sudden
April 30 (day 120), 1985 =cmn) or SI (sudden impulse) [Sibeck et at., 1989b], but

their repetition time scale (-8 mein for the Sibeck et al. events) as
SCAXTH'A, '3-s averages well as their possible small spatial scale makes them a different

BX phenomenon. For these pulses, localized ringing of the magneto-
sphere may result [Farrugia eta!., 1989; Southwood and Kivelson,
1990]. T1he irregular 5-10 min oscillation in BT seen both in the

By magnetosphere and in the LLBL can be attributed to such pressure
pulses. However, it is questionable whether the same mechanism

B2  can be applied to the 50-s oscillations in the LLBL Evidence
____________ against the pressure pulse mechanism. are the periods whinch are

_______________________shorter than those of typical pressure pulses and the strongly trans-
GOES 5. 3-s averages verse magnetic fied perturbations. External pressure variations

8X, would cause compressional field variations.
We next discuss whether a 50-s wave could be generated in the

BY upstream region, propagate to the magnietopause, and cause the
observed 50-s oscillation. Upstream waves (periods near 30 s) are a

10 nT well-established phenamenoni attributed to plasma instabilities oc-
curring near the bow shock, and the relationship between the

B, occurrences of the upstream waves and Pc 3-4 magnetic pulsations
is also well established [Nounvy, 1976]. A theoretical model by

.... .. GOES 6, 3-s ave'rages- Takahashi et al. [1984b], for examnple, predicts an upstream wave
ftequcncyffmHz) = 7.6,B(nT)cos295s, where B is the magnitude of

B, WOP in the upstream region and 6
rB is the angle between the Sun-

By

10 nTMultisateiute magnetometer data
April 30 (day 120), INS,I100.-1120 UT

Bz SCATHA GOES 5

CCE, 6-s averages g
Bx

10 nTl

110 1110 1120 0. 0 ________

Universal time I f ' ~
I.Simultaneous olservations of mantcfed-claimi h

boundary layer (SCATHA) and in te magnetospre (GOES 5, GOES 6, L i . __________

and CCE). Field components are all given in the local mean-field-aligned
coonfinat describled in the text. GE C

j~3
4. DISCUSSION 

7In this section we discuss the excitation mechanisms of the - _________

observed ULF waves in the LLBL and magnetosphere. IO

4.1. Origin of ULF Waves in the LLBL L
Evernaal pressure vwariaions. Pressure vlariations; in the solar

wind or magnetosheath am an obvious candlidate for the origin of -V
ULF waves in the magnetosphere. The solar wind carries various so
Plasma discontinnitie and many of them. accompany a pressure _________

change. Even withou such discontinuities in the solar wind, the 'Ibow shock can genrt ULF waves. Itbhas been recently suggested of--
[Sibck et al., 1989a) and demonstrated [Fairfield et al., 199] that .1_________ ________

mtrong ptessur palme can be generated near the bow shock, get 0 to 20 30 40 0 10 20 30 40

convected to th miagnatopause, and give rime to transient magnetic FfrLZ@5cy (n~tzM)

field oscillations in the magnetosphere. The magnetospheric re- Fig 19. Power qwftu of the magnetic fiel data shown in Figur Is.
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Earth line and the IMP. For a typical IMB cone angle 0n = 45 the The frequency of a K.-H. wave may be determined in one of the
formula implies that a 50-s wave corresponds to B = 5.3 nT. Such following two ways. First, if the magnetospheric field lines are
an IMF magnitude can easily occur. However, the observed polari- fixed at the ionosphere, then only a set of discrete parallel wave
zation of the 50-s wave in the LLBL does not favor the transmis- numbers k,() are allowed, where n is the harmonic number. Accord-
sion of the upstream wave into the magnetosphere. In order to ing to Chen and Hasegawa [1974], who combined this idea with
propagate imo the LLBL through the magnetopause the upstream the MHD K.-H. instability threshold, the lowest (i.e., the fun-
wave should have a strong compressional component [Wolfe and damental) frequency w and the perpendicular wave number, k±, of
Kaufmann, 1975] and the transnvtted wave also should be strongly the surface waves is given by ca = k.LAV = k,1) VA, where AV is
compressional. This transmission mechanism is certainly inconsis- the jump in velocity across the shear, VA is the AlIvn velocity, e)
tent with the strongly transverse nature of the 50-s wave. We o nr/2, with n = 1, 2,.-., 3, and k is the length of the field line.
conclude that the transmission of bow-shock-associated upstream In this case the frequency is first detennined by the Alfv6n reso-
waves is an unlikely mechanism for explaining the 50-s oscillation nance condition and then k± follows. The observed 50-s period is
in the LLBL. not unreasonable from this model. For a quantitative estimate we

Kelvin-Helmholtz instability. We next discuss whether the use a toroidal-mode equation [Cummings et al., 1969] assuming
50-s wave was excited in the LLBL by a K.-H.-type instability. In dipole field geometry but with twice the field strength to simulate
the theory of the instability the magnetic field and plasma configu- the magnetic field near the magnetopause and a plasma mass
ration for the equilibrium boundary is important. In particular, the density of -2 amu/cm3 calculated from the SCATHA ion measure-
strength of the velocity shear, the thickness of the boundary, and ments over the 0.074-15.6 keV energy range in the LLBL
the magnetic field on the two sides of the boundary all contribute to (1100-1130 UT). The calculated period for the fundamental mode
the instability threshold and to the properties of waves excited is 70 s, which is not far from the observed period of 50 s.
[Southwood, 1968; Ong and Roderick, 1972; Lee e al., 1981; Second, ifthevelocityshearexistsoverafinitethicknessd, then
Walker 1981; Miura and Pritchett, 1982]. The ionospheric bound- the most unstable wave will have a perpendicular wave number
ary conditions may also play an important role (Chen and Hasega- given by kj.d - 0.5 [Walker, 1981; Miura and Pritchetr, 1982], and
wa, 1974]. the corresponding frequency is given by w - kiAV. In this case the

In a plasma with a sheared flow, stability is provided by the perpendicular wave number is determined first and then the fre-
magnetic field tension. If the fields on the two sides are parallel, quency follows. This mechanism can again produce a 50-s oscilla-
they provide no restoring force to boundary distortions propagating tion. For example, AV - 500 km/s and d - 1000 km give the
perpendicular to the fields. Thus the boundary is unstable even observed frequency.
with a very small velocity shear. We have inferred that IMF was Theory also predicts the polarization of K.-H waves. From tan-
northward at 0930-1130 UT, and if this is correct, then the sheath gential discontinuity models, one expects left-hand polarization on
field could have been more nearly parallel to the geomagnetic field the magnetospheric side in the prenoon local time [Atkinson and
and the magnetopanse is more likely to have been Kelvin-Helm- Watanabe, 1966; Southwood, 1968; Dungey and Southwood,
holtz unstable. On the other hand, magnetic fields across the inner 1970]. If the boundary layer is included, the spatial pattern of
edge of the LLBL are nearly parallel, so the instability will occur polarization may become complicated. For example, in the Lee et
even with a very small velocity shear [Ogilvie and Fitzenreiter, al. [1981] model applied to the prenoon local time the "inner
1989]. We proceed with the assumption that the instability oc- mode" will have a right-hand polarization between the magneto-
curred either on the magnetopause or in the LLBL. pause and the inner edge of the boundary layer, whereas the polari-

Consistent with the K.-H. instability which should generate zation will be left-handed inward of the inner edge of the boundary
waves that decay with distance from the boundary, the power layer. In the same model the "magnetopanse mode" will have a
spectral density (PSD) of magnetic field perturbations at the polarization pattern similar to that of the tangential discontinuity
50-s period is substantially lower, well inside of the magnetosphere model. The observed left-handed polarization thus favors a magne-
than in the LLBL. To quantify this point, we have listed in Table 1 topause mode. However, since we are unable to determine the
the PSDs from the four satellites for the time interval of 1100 to amplitude variation of the 50-s wave as a function of distance
1120 UT. The distance ixI from the mnagnetopause to each satellite within the LLBL, it is not possible to conclude whether the
was estimated using the magnetopause shape illustrated in Figure 50-s wave really corresponds to the magnetopause mode.
4. For instance, the relative PSDs at GOES 5 (0600 MLT, magnetic
latitude =11 * north), which was closest to SCATHA, indicate that 4.2. Excitation Mechanisms of Magnetospheric Pulsations
the wave powerwas downby a factor of-16 (B.)to 100 (transverse Coupling of 50-s K.-H. wave to Alfvtn wave. For a decade
components) over a radial distance of -3 RE from the LLBL. This the prevailing idea for exciting magnetospheric pulsations was the

result is inconsistent with a wave propagating away from the mag- field line resonance mechanism with a monochromatic source
netopeuse but is consistent with a surface wave in the LLBL. wave that is presumably excited by the K.-H. instability at the

TABLE 1. Power Spectral Density at 50-s Period for 1100-1120 UT

Power Spectral Power Spectral Density
Density, nT-I/Hz Relative to SCATHA

Spacecraft RE B. BY B, B. By B,

SCATHA <1 3.1 x 103  4.5 x 103  1.7 x 102  1 1 1
GOES 5 -3 23 43 10 7.3 x 10- 3  9.6 X le- 5.9 X 1 2

GOES 6 -7 0.87 5.8 8.3 2.8 x 10-4 1.3 x 10-3 4.9 x 10-2
CCE 6 -9 2.2 14 9.8 7.1 x 1l 3.1 x 10- 3  5. x le 2
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magnetopause (Chen and Hasegawa, 1974; Southwood, 1974; scale (Iml <10, where mis the azimuthal wave number) and that the
Walker et al., 1979]. In this theory the source wave was assumed to energy of the global mode may be transferred to the shear Alfvin
have the nature of a surface wave with the amplitude exponentially wave in the same manner as in the original field line resonance
decaying with distance from the magnetopause. We examine this mechanism. The global mode theory of Alfvn wave excitation
possibility. It is clear that the observed surface wave seen at predicts that the global mode has a frequency that is constant
SCATHA cannot couple with the simultaneously present magneto- everywhere in the magnetosphere and that the Alfv~n wave is
spheric pulsations at the mean period of 50 s, because the period of excited at the same frequency but on an L shell on which the
the magnetospheric pulsation (200 s at GOES 5 and CCE and 150s Alfvdn fruquency matches the global mode frequency.
at GOES 6) was much longer than 50 s. We do not consider that this scenario is applicable to the pulsa-

Note, however, that the 50-s wave had a very broad spectrum tions observed at GOES 5, GOES 6, and CCE at -1100 UT. The
(4jf - 1) and was accompanied by a compressional component reason is that ther was no great impulsive change in the field
which was much smaller than the transverse component in the magnitude to drive the cavity mode and that there was no clear
LLBL but large compared to observations in the magnetosphere, as indication of a compressional oscillation with a single frequency
can be seen in Figure 18 and Figure 19. The power spectral density over L shells. It is even doubtful if a global cavity mode was
of the compmssional component was -102 nT2/Hz over the band of excited at the sudden BT increase at 0923 UT. In Figure 14 we find
5 to 30 mHz (30- to 200-s period), which is higher than at any that at each spacecraft a few cycles of oscillation follows the

nspacecraft except near 5 mHz at CCE. Thus it is sudden compression. However, the period of the oscillation is
possible that broadband wave in the LLBL wave penetrated into again position dependent: -140 s at GOES 5, -170 s at GOES 6,
the magnetosphere owing to its compressional component and and -370 s at CCE. These position-dependent periods are consis-
coupled with standing shear AMfv&n waves at various locations and tent with individual oscillation of L shells. Such oscillations do not
at various frequencies. A similar interpretation of ISEE spacecraft require the presence of a cavity mode (Radoski, 1974; Southwood,
observations has been presented by Mitchell et al. [1990]. A theo- 1975; Poulter and Nielsen, 1982].
remical basis for the broadband field line resonance has been Effect of magnetospheric compression on pulsation amplitude.
presented by Hawsegawa et al. [1983]. Regardless of the specific source mechanism, the CCE observation

It is important to note that higher-frequency components of the of large-amplitude Pc 5 pulsations appear to indicate, in addition to
K.-H. waves decay faster with distance from the magnetopause, possible enhancement in source energy itself, the effect of the
because those components have shorter wavelengths tangential to approach of the source region (magnetopause) to the spacecraft.
the magnetopause. Thus even if the spectrum of the KL-H. wave The observed amplitude of a surface wave will depend on the
has a constant intensity over a band in the generating region, only distanc W from the surface and the azimuthal wave length X of the
lower-frequency components can penetrate deep into the mag- wave as exp(-2zlLrN) [Lanzeronti et al., 1981], and the locally
neospher and are effective in resonantly exciting standing Alfrin excited Alfvan waves by coupling with the surface wave should
waves. This gives a qualitative explanation as to why only the exhibit a similar amplitude dependence on LW and X [e.g., South-
fundamental mode was strongly excited at CCE and GOES 6, wood, 1975]. If we assume, for example, A = 10 R,, then this
while there is an indication of higher harmonic toroidal oscillations expression implies that, at the CCE location (Wi - 9 Re) shown in
at GOES 5 (see the transverse spectrum in Figure 19, which ex- Figure 4, the wave amplitude would be about 20 times larger when
hibits a peak at 14 and 20 mHz). the subsolar magnetopanse was located at 7 RE than at the nominal

Excitadon of Alfvin waves by external pressure pulses. The 11 RE (Wd - 14 RE). This enormous amplification factor is certainly
field magnitude in the magnetosphere and in the LLBL exhibits sufficient to account for the unusually large amplitude of the Pc 5
irregular oscillations, and they may drive magnetospheric pulsa- wave observed at CCE. Furthermore, because a high solar wind
tions. In Figure 14 we pointed out that BD at SCATHA shows a velocity would mean a smaller magnetosphere, we speculate that
quasi-periodic oscillation with peak separations of 5-10 min and this geometric effect may account for a good portion of the positive
peak-to-peak amplitude reaching -20 nT. The oscillation is present correlation between the amplitude of magnetospheric Pc 3-5 pul-
both in the magnetosphere (before 1035 UT at SCATHA) and in sations and the solar wind velocity reported previously [Greenstadt
the LLBL (1035-1140 UT). Some of the major peaks in this et al., 1979; Wolfe, 1980].
oscillation are detected at GOES 5, for example at -0957, -1020,
and 1034 UT, but the amplitude at GOES 5 is about half that at 5. CONCLUSIONS
SCATHA. Therefore the 5-10 rin oscillation appears to arise from In conclusion we have analyzed combined data from five space-
solar wind pressure perturbations penetrating deep into the magne- craft to understand the structure of the LLBL, the ULF waves in the
tosphere because of its presumably large azimuthal scale. Although LLBL, and the relation of the LLBL waves to magnetic pulsations
the pulses are observed at 5-10 rmin intervals, it does not mean that in the magnetosphere. Both the intensity and the pitch angle distri-
they can=t excite pulsations at periods outside of 5-10 ruin. In bution of the particles clearly show the presence of the U.BL for
fact, each pulse can be considered to represent an impulsive source the time interval studied. The average magnetic field is rotated
whose frequency spectrum is very broad. Thus the pulse train slightly at or near the LLBLdmagnetosphere interface, which is
would in effect rpresent a broad-band quas-steady source wave consistent with a field-aligned current sheet with the region I flow
for exciting standing Alfvdn waves at position dependent fre- direction. Our major results conceming ULF waves are summa-
quency [e.g., Hasegawa et al., 1983]. rized as the following:

Conversion of global cavity mode to Alfvin waves. More 1. A 5-10 min compressional pertutbation is present both in the
recently the consequences of impulsive sources and nonevanescent LLBL and the magnetosphere. This is most likely caused by pres-
fast-mode disturbances have been discussed in the context of fast- sure perturbations in the solar wind, because the perturbation was
mode/Alfvdn-mode coupling (Kivelson and Southwood, 1986; Al- observed well inside the magnetosphere.
ian et al., 1986; Inhester, 1987; Lee and Lysak, 1989]. These works 2. In the boundary layer, large-amplitude transverse oscillations
show that the magnetosphere may resonate in a global mode in are present. These can be separated Into a 50-s oscillation and a
response to an impulsive external source with a large azamuthal higher frequency oscillation. The 50-s is likely a surface wave
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TECHNOLOGY OPERATIONS

The Aerospace Corporation functions as an "architect-engineer" for national security
programs, specializing in advanced military space systems. The Corporation's Technology
Operations supports the effective and timely development and operation of national security
systems through scientific research and the application of advanced technology. Vital to the
success of the Corporation is the technical staffs wide-ranging expertise and its ability to stay
abreast of new technological developments and program support issues associated with rapidly
evolving space systems. Contributing capabilities are provided by these individual Technology
Centers:

Electronics Technology Center: Microelectronics, solid-state device physics, VLSI
reliability, compound semiconductors, radiation hardening, data storage
technologies, infrared detector devices and testing; electro-optics, quantum
electronics, solid-state lasers, optical propagation and communications; cw and
pulsed chemical laser development, optical resonators, beam control, atmospheric
propagation, and laser effects and countermeasures; atomic frequency standards,
applied laser spectroscopy, laser chemistry, laser optoelectronics, phase conjugation
and coherent imaging, solar cell physics, battery electrochemistry, battery testing and
evaluation.

Mechanics and Materials Technology Center: Evaluation and characterization of
new materials: metals, alloys, ceramics, polymers and their composites, and new
forms of carbon; development and analysis of thin films and deposition techniques;
nondestructive evaluation, component failure analysis and reliability; fracture
mechanics and stress corrosion; development and evaluation of hardened
components; analysis and evaluation of materials at cryogenic and elevated
temperatures; launch vehicle and reentry fluid mechanics, heat transfer and flight
dynamics; chemical and electric propulsion; spacecraft structural mechanics,
spacecraft survivability and vulnerability assessment; contamination, thermal and
structural control; high temperature thermomechanics, gas kinetics and radiation;
lubrication and surface phenomena.

Space and Environment Technology Center: Magnetospheric, auroral and cosmic
ray physics, wave-particle interactions, magnetospheric plasma waves; atmospheric
and ionospheric physics, density and composition of the upper atmosphere, remote
sensing using atmospheric radiation; solar physics, infrared astronomy, infrared
signature analysis; effects of solar activity, magnetic storms and nuclear explosions
on the earth's atmosphere, ionosphere and magnetosphere; effects of electromagnetic
and particulate radiations on space systems; space instrumentation; propellant
chemistry, chemical dynamics, environmental chemistry, trace detection;
atmospheric chemical reactions, atmospheric optics, light scattering, state-specific
chemical reactions and radiative signatures of missile plumes, and sensor out-of-
field-of-view rejection.
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